








































































































































































































































































































































































































age	of	the	material	since	entering	the	system	t.	C	can	be	calculated	with	the	equation	𝐶 𝑡, 𝑥 =	 𝑐 𝑡, 𝑥, t 𝑑t)* 	.	Using	a	similar	equation,	the	age	concentration	a	can	also	be	calculated:	
		 	8	
a 𝑡, 𝑥 = 	 t𝑐 𝑡, 𝑥, t 𝑑t)* 	.	The	mean	age	of	a	parcel	of	water	is	then	calculated	using	these	













































	 a)	200	m3/s	 	 	 	 	 			b)	50	m3/s	
	
	
	
	
	
	
	
	
	
	
Figure	3:	Surface	chlorophyll-a	concentration	(in	mg/m3)	within	the	HRE	and	upper	NY	Harbor	
after	30	days	for	the	(a)	200	m3/s	discharge	case	and	the	(b)	50	m3/s	discharge	case	during	a	
neap	tide.	The	color	scale	is	set	from	the	initial	population	to	twice	the	initial	population.		
	
	
	
Figure	4:	Surface	chlorophyll-a	concentration	(in	
mg/m3)	within	the	HRE	and	upper	NY	Harbor	after	
30	days	for	the	50	m3/s	discharge	case,	from	the	
high	initial	chlorophyll	concentration	run.	The	
color	scale	is	set	from	the	initial	population	to	
twice	the	initial	population.	 	
		 	11	
	a)	200	m3/s
	
	
								b)	50	m3/s	
	
	
Figure	5:	Cross-sectional	chlorophyll-a	concentration	(in	mg/m3)	along	the	thalweg	of	the	model	
domain	during	a	neap	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.	Areas	of	white	do	not	indicate	that	there	is	no	chlorophyll	
present,	but	instead	are	areas	where	chlorophyll	did	not	exceed	the	initial	chlorophyll	
concentration.	The	southern	extent	of	the	HRE	can	be	considered	to	be	located	at	the	42	km	
marker.		
	
Chlorophyll	concentrations	within	the	water	column	that	are	equal	to	or	exceed	the	
initial	concentration	are	also	presented	along	the	thalweg	of	the	river	for	neap	and	spring	tides	
for	each	discharge	case	(Figure	5,	6).	This	cross-sectional	view	shows	significant	growth	
occurring	within	the	NY	Bight	and	lower	NY	Harbor,	as	well	minimal	growth	in	the	lower	portion	
of	the	HRE	(which	begins	at	approximately	the	42	km	marker	in	the	cross-sectional	figures	and		
		 	12	
							a)	200	m3/s
	
	
								b)	50	m3/s	
	
	
Figure	6:	Cross-sectional	chlorophyll-a	concentration	(in	mg/m3)	along	the	thalweg	of	the	model	
domain	during	a	spring	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.	Areas	of	white	do	not	indicate	that	there	is	no	chlorophyll	
present,	but	instead	are	areas	where	chlorophyll	did	not	exceed	the	initial	chlorophyll	
concentration.	The	southern	extent	of	the	HRE	can	be	considered	to	be	located	at	the	42	km	
marker.		
	
extends	northward),	for	both	discharge	cases.	Again,	growth	was	generally	greater	during	neap	
tides	relative	to	spring	tides,	as	well	as	during	the	50	m3/s	case	relative	to	the	200	m3/s	case.		
	 Freshwater	ages	within	our	established	region	of	approximately	5	psu	or	greater	
increased	for	the	50	m3/s	case	relative	to	the	200	m3/s	(Figure	7,	8)	This	is	expected,	as	the	
water	will	spend	more	time	within	the	model	boundaries	under	slower	discharge	conditions.	
After	running	the	model	for	120	days,	freshwater	ages	at	the	surface	of	the	water	column		
		 	13	
										a)	200	m3/s	
	
										b)	50	m3/s	
	
Figure	7:	Cross-sectional	freshwater	age	structure	(in	days)	along	the	thalweg	of	the	model	
domain	during	a	neap	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.	Freshwater	age	values	begin	at	approximately	the	5	psu	
salinity	contour	and	age	normally	beyond	that	point.	
	
increased	from	16	to	25	days	between	the	200	m3/s	and	50	m3/s	discharge	cases,	respectively,	
during	a	neap	tide	between	the	northward	extend	of	the	established	salinity	range	and	the	
southern	end	of	the	estuary,	or	at	42	km	in	figure	7.	During	a	spring	tide,	the	age	at	that	same	
location	was	18	days	for	the	m3/s	discharge	case,	an	increase	relative	to	the	neap	tide.	For	the	
200	m3/s	case,	the	age	at	that	location	during	the	spring	tide	was	23	days,	a	decrease	relative	to	
the	neap	tide.	
	
	
		 	14	
			a)	200	m3/s	
	
										b)	50	m3/s	
	
Figure	8:	Cross-sectional	freshwater	age	structure	(in	days)	along	the	thalweg	of	the	model	
domain	during	a	spring	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.	Freshwater	age	values	begin	at	approximately	the	5	psu	
salinity	contour	and	age	normally	beyond	that	point.	
	
The	saltwater	age	tracer	followed	a	similar	trend	as	salinity	within	the	majority	of	the	
model	domain,	but	differed	greatly	within	the	NY	Bight	(Figure	9,	10,	11,	12).	Age	values	were	
greater	during	the	50	m3/s	case	as	opposed	to	the	200	m3/s	case,	which	is	expected;	slower	
discharge	rates	will	allow	for	water	to	spend	more	time	within	the	model	boundaries,	and	
for	saltwater,	allow	the	tracer	to	expand	further	up-estuary.	Stratification	patterns	of	the	HRE	
within	the	spring-neap	tidal	cycle	for	the	200	m3/s	discharge	case	were	consistent	with	patterns	
previously	reported	and	observed	in	the	same	region	(MacCready	and	Geyer	2009).	For	the	50	
		 	15	
a)	200	m3/s	
	
										b)	50	m3/s	
	
Figure	9:	Cross-sectional	saltwater	age	structure	(in	days)	along	the	thalweg	of	the	model	
domain	during	a	neap	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.		
	
m3/s	discharge	case,	stratification	during	neap	tides	was	lessened	relative	to	the	200	m3/s	
discharge	case,	as	observed	in	both	salinity	and	saltwater	age	distribution.	During	spring	tides,	
when	the	water	column	is	already	expected	to	be	mixed,	there	was	no	significant	difference	in	
stratification	between	the	two	discharge	cases,	and	therefore	we	will	be	focusing	primarily	on	
the	neap	tide.	For	the	200	m3/s	discharge	case,	a	difference	of	10	psu	between	the	surface	and	
bottom	of	the	water	column	was	observed	at	30	km	up-estuary	(or	approximately	the	60	km	
marker	in	the	cross-sectional	figures)	during	a	neap	tide,	while	the	50	m3/s	discharge	case	
showed	a	difference	of	only	2	psu	for	the	same	time	and	location	(Figure	11).	For	the	saltwater	
age	results,	a	difference	in	saltwater	age	between	the	surface	and	bottom	of	the	water	column	
		 	16	
										a)	200	m3/s	
	
										b)	50	m3/s	
	
Figure	10:	Cross-sectional	saltwater	age	structure	(in	days)	along	the	thalweg	of	the	model	
domain	during	a	spring	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	
and	the	(b)	50	m3/s	discharge	case.		
	
of	13	and	6	days	was	observed	at	the	same	time	and	location	as	the	salinity	results	for	the	200	
and	50	m3/s	discharge	cases,	respectively	(Figure	9),	despite	overall	greater	age	values	for	the	
slower	case.	Both	discharge	cases	show	a	trend	of	increasing	saltwater	age	with	increasing	
distance	along	the	thalweg	of	the	river,	with	the	exception	of	the	NY	Bight,	where	a	region	of	
high	age	values	was	found	near	the	surface	of	the	water	column.	
4	DISCUSSION	
No	phytoplankton	blooms	were	observed	at	any	point	in	the	spring-neap	tidal	cycle	for	
either	modeled	discharge	case.	Although	minimal	growth	beyond	the	initial	concentration	was		
		 	17	
								a)	200	m3/s	
	
										b)	50	m3/s	
	
	
Figure	11:	Cross-sectional	salinity	structure	(in	psu)	along	the	thalweg	of	the	model	domain	
during	a	neap	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	and	the	
(b)	50	m3/s	discharge	case.	
	
observed	for	the	50	m3/s	case,	the	magnitude	of	this	change	in	chlorophyll	concentration	is	not	
enough	to	classify	it	as	a	bloom.	As	a	point	of	comparison,	previous	phytoplankton	blooms	in	
the	NY	Bight	and	Chesapeake	Bay	were	much	greater	in	magnitude	and	population	growth	far	
exceeded	what	we	observed	in	these	model	runs	(Mahoney	and	McLaughlin	1977,	Gallegos	and	
Jordan	2002).	Phytoplankton	growth	within	the	lower	NY	Harbor	and	NY	Bight,	seen	in	the	
results	of	each	discharge	case,	could	likely	be	considered	blooms,	though	these	blooms	are	
within	the	regions	where	phytoplankton	blooms	have	previously	been	observed	and	the											
	
	
		 	18	
											a)	200	m3/s	
	
										b)	50	m3/s	
	
Figure	12:	Cross-sectional	salinity	structure	(in	psu)	along	the	thalweg	of	the	model	domain	
during	a	spring	tide,	from	0	km	to	200	km	up-river,	for	the	(a)	200	m3/s	discharge	case	and	the	
(b)	50	m3/s	discharge	case.	
	
magnitude	of	the	modeled	phytoplankton	growth	is	not	considered	for	this	study	beyond	a	
doubling	of	the	population.	
The	freshwater	age,	saltwater	age,	and	salinity	distribution	all	indicate	increased	mixing	
during	a	neap	tide	for	the	50	m3/s	discharge	case	compared	to	the	same	neap	tide	for	the	200	
m3/s	discharge	case,	associated	with	decreased	discharge	rate	and	therefore	tidal	dominance	
over	water	movement	within	the	estuary.	The	difference	in	mixing	between	discharge	cases	is	
present	but	less	apparent	for	the	spring	tides,	during	which	the	water	column	is	already	
expected	to	be	heavily	mixed.	Slower	discharge	rates	appear	to	increase	mixing	in	the	estuary,	
		 	19	
which	decreases	stratification	in	the	water	column,	as	seen	in	changes	in	salinity	stratification	
between	discharge	rates	in	Figure	11.	For	neap	tides	specifically,	when	chlorophyll	was	
generally	greatest	within	the	water	column	for	both	discharge	cases	compared	to	spring	tides,	
the	lessened	stratification	and	increased	mixing	observed	during	the	50	m3/s	case	relative	to	
the	200	m3/s	case	appeared	to	have	counteracted	the	growth	benefits	of	increased	age	and	
therefore	increased	residence	time.	Although	phytoplankton	spent	more	time	within	the	
estuary	under	slower	river	conditions,	as	indicated	by	an	approximately	8-day	increase	in	
surface	freshwater	age	between	discharge	cases	(Figure	7),	phytoplankton	likely	did	not	spend	
an	equivalent	amount	of	time	in	the	euphotic	zone,	due	to	a	decrease	in	stratification	from	10	
psu	to	2	psu.	Greater	stratification	in	the	estuary	water	column	during	neap	tides	at	200	m3/s	
would	decrease	the	mixing	depth	and	keep	more	phytoplankton	within	the	euphotic	zone;	
however,	under	these	conditions,	it	appears	that	phytoplankton	still	did	not	have	enough	time	
to	experience	significant	growth	associated	with	blooms.	The	amount	of	time	phytoplankton	
spent	within	the	euphotic	zone	was	not	able	to	be	extracted	from	our	model,	as	the	chlorophyll	
and	age	models	did	not	follow	explicit	cells	but	instead	calculated	concentration	averages	at	
each	point	in	the	model	domain.	However,	by	observing	the	maximum	chlorophyll	
concentration	observed	during	the	50	m3/s	case	(Figure	3),	and	calculating	the	minimum	
necessary	time	needed	to	reach	that	concentration	using	maximum	growth	rate	(1.15	d-1)	and	
zero	sediment	attenuation	as	used	in	the	model,	we	find	a	minimum	phytoplankton	residence	
time	within	the	euphotic	zone	of	approximately	one	day.	While	this	residence	time	seems	
unlikely,	based	on	much	higher	freshwater	age	values	within	the	estuary	and	a	high	
improbability	of	phytoplankton	staying	within	a	region	of	zero	SSC	under	increased	mixing	
		 	20	
conditions,	this	result	confirms	that	Howarth	et	al.	(2000)	did	not	underestimate	their	
calculation	of	a	one-day	residence	time	for	current	summer	discharge	rates.		
It	is	important	to	note	that	these	age	values	represent	the	average	amount	of	time	
elapsed	since	the	freshwater	entered	the	5	psu	region	and	not	the	residence	time	of	both	
freshwater	and	saltwater	within	the	euphotic	zone,	and	therefore	these	values	are	not	directly	
comparable	to	the	residence	times	predicted	by	Howarth	et	al.	(2000).		
Overall	chlorophyll	concentration	was	consistently	higher	during	the	neap	tides	than	the	
spring	tides	for	both	discharge	cases,	likely	due	to	greater	mixing	commonly	seen	during	spring	
tides.	As	a	comparison,	salinity	values	during	a	spring	tide	are	shown	for	both	discharge	cases	
(Figure	9).	Based	on	these	results,	it	appears	that	the	HRE	is	self-limiting	in	terms	of	
phytoplankton	blooms,	as	phytoplankton	euphotic	zone	residence	time	would	be	too	low	to	
allow	for	blooms	under	any	current	or	projected	environmental	discharge	conditions.		
The	area	below	the	upper	NY	Harbor	was	not	emphasized	in	this	study,	though	
interesting	trends	in	chlorophyll	and	saltwater	age	within	the	NY	Bight	region	were	quite	
apparent.	High	saltwater	age	values	within	the	surface	of	the	NY	Bight	indicate	stagnation,	a	
potential	reason	why	elevated	phytoplankton	growth	is	observed	in	this	area.	This	region	also	
shows	a	noticeable	difference	between	the	saltwater	age	and	salinity	plots,	as	this	age	
stratification	is	not	apparent	by	observing	salinity	alone.	Although	salinity	can	provide	an	
accurate	view	of	the	stratification,	as	would	age	tracers,	within	the	estuary,	high	age	in	the	NY	
Bight	(or	other	regions	of	relatively	constant	salinity)	as	a	result	of	stagnation	would	be	
undetected	by	salinity	measurements	alone.	This	shows	an	advantage	of	using	age	tracers	over	
salinity	to	determine	saltwater	movement	in	an	estuary	and	harbor	system.		
		 	21	
5	CONCLUSION	
	 Phytoplankton	growth	within	the	HRE	has	been	shown	to	be	correlated	with	discharge	
rate;	however,	it	appears	to	be	less	susceptible	to	discharge	rate	than	previously	proposed.	
Increased	mixing	associated	with	tidal	dominance	under	slower	discharge	conditions	effectively	
limits	phytoplankton	growth	as	residence	time	does,	despite	the	fact	that	euphotic	zone	
saltwater	age	increases	under	these	same	conditions.	We	created	ideal	conditions	for	
phytoplankton,	including	a	relatively	low	mortality	rate	and	a	relatively	high	growth	rate,	and	
yet	no	blooms	were	observed	in	any	model	run	of	our	study.	For	these	reasons,	we	believe	it	is	
fair	to	assume	that	no	phytoplankton	blooms	are	expected	to	occur	within	the	HRE	under	any	
realistic	and	natural	conditions.		
	 Possible	anthropogenic	changes	to	the	Hudson	River	environment	could	alter	the	
movement	of	saltwater	within	estuary,	which	may	create	favorable	conditions	for	
phytoplankton	blooms	in	the	future.	Storm	barriers	implemented	in	NY	Harbor	have	been	
proposed	as	a	possible	solution	for	increased	risk	of	storm	surges	in	New	York	City	and	as	a	way	
to	protect	against	damage	similar	to	what	was	caused	by	Hurricane	Sandy	in	2011	(Aerts	et	al.	
2014).	Building	storm	barriers	in	NY	Harbor	may	increase	river	residence	times	within	the	
estuary	and	therefore	allow	for	more	significant	phytoplankton	growth,	though	the	exact	
physical	and	biological	impacts	of	any	large	structure	built	in	NY	Harbor	are	largely	unknown	at	
this	time.	Saltwater	age	and	euphotic	zone	variation	within	the	HRE	must	be	considered	before	
implementing	any	such	storm	surge	solution	in	NY	Harbor.		
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